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ABSTRACT 

In Part I the properties of potential-time curves for electrode 

processes in which electron transfer is followed by a chemical transformation 

are established from the rigorous solution of the corresponding boundary 

value problem.    In Part II the transition time for catalytic processes in 

which the catalytic process is a first order chemical process is derived, 

and the validity of this theoretical analysis is verified for the catalytic 

reduction of Ti(lV) in presence of hydroxylamiiie*    In Part III properties 

of potential-time curves for the  anodic oxi.ua ui on of a metal with formation 

of a complex ion are established and verified experimentally for the anodic 

oxidation of silver in potassium cyanide.    In Part IV potential-time curves 

for the anodic oxidation of a metal with the formation of a precipitate 

are discussed and studied experimentally in the case of the oxidation of 

silver in halide solutions.    Transition times for spherical diffusion and 

for linear diffusion with partial mass transfer by migration in an electric 

field of constant intensity are derived in the Appendix by deb Mamantov 

and one of the authors  (P.D.). 

Theoretical treatments of various electrode processes in voltammetry 

at constant current were previously reported: '   •    The theory of other 

(la)    P. Delahay and T. Berzins, J^ Am^ Chem. Soc, 7£, 21(68 {1953);   (lb) 

T. Berzins and P. Ealahay, ibid., 75, U205  (1953)?   (lc) P. Delahay and C. C. 

35j«5««e*"7s:; 



t 
Mattax, ibid., 76,  67U (195)4)J    (Id)    P-  Delahayj, Discussion Faraday Soc. 

(in press). 

(2)    For a general discussion and bibliography, see P. Delahay "New Instru- 

mental Methods in Electrochemistry", Interscience, New York, No Xe, 1951+ , 

Chapter VIH (in press). 

processes in which the electron transfer is followed by chemical reaction is 

reported here.    The processes represented by the following symbolic equations 

will be considered 

0   +   nc R 
k 
k <tr 

O   -h   716 
-t_   
R   i-    21 - 

=   R 

^    -r   />*"    -   AiX^   t    ft 

(1) 

(2) 

(3) 

(a) 

where 0 is a reducible substance and R its product of reduction! Z is a 

substance which is not reduced or oxidized at the potentials at which the 

reduction of 0 occursj M is a metal, and X" is either a complex forming 

substance or an ion vhich forms the insoluble substance MXp. Properties of 

the potential-time curves corresponding to these processes will be derived 

for the case in Which mass transfer is solely controlled by linear diffusions 

migration of the electrolyzed species is made negligible by the addition of 

a large excess of supporting electrolyte, and convection is minimized by the 

--:- -_ _—_-_^^— '••mm MI 
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use of a horizontal working electrode and by limiting the duration of elec- 

trolysis to 1-2 minuteso 

Electrode processes without airy- kinetic complication and with mass 

transfer controlled either by spherical diffusion or by linear diffusion and 

migration are treated in appendix. 

MW» •"•• 
i 
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PART I.  KINETIC PROCESSES REPRESENTED BI EQUATION (l) 

THE BOUNDARY VALUE PROBLEM. 

The variations of the concentration of substance 0 during electrolysis 

are not affected by the kinetics of the chemical reaction R ^—i Z,  and 

consequently the value of the concentration CQ(0,t) at the electrode surface, 

as derived by Sand „ is sti?J. valid" Thus 

C0(oJ)   =  C 
4 c   t 

'A 

Tc^nFXt 
(5) 

(3)    H.J.S. Sand, Phil Mag., 1, U5 (1901) 

where t is the time elapsed since the beginning of electrolysis.    C° the 

bulk concentration of reducible substance, i0 the current density*> F the 

faraday, and DQ the diffusion coefficient of substance 0.    The notation 

C0(0,t) indicates that the concentration of substance 0 is taken at i a 0, 

x being the distance from the electrode <>    The transition time    f     s which 

is defined by the condition C0(0$,t) s Oj, or by the relationship 

f 
'A "Z     o 

(6) 

does not depend on the kinetics of a reaction in Which R might be involved. 

The equation of the potential-time curve is derived by introducing 

C()(0,t) and C_(0,t) in the equation for the electrode potential.    If the 



electron transfer is totally irreversible,  the  potential of the working 

electrode is independent of CR(0,t), and the potential-tune curve is not 

affect-Mii by the transformation H ^=il  Z.    If the process is reversible, the 

potential is given by the Nernst equation, vhere both C (0,t.) and C (0,t) 

appear; in that case the potential depends on the kinetics of the reaction 

E v=*  2«    The concentration CR(0,t) can be derived as follows.,    If the 

transformation R^=>  Z is of the first order,  substances R and Z obey the 

following modified forms of Pick's equationo 

where the k's are formal rate constants»    The first boundary condition is 

obtained by noting that substance R is produced at the electrode surface at 

constant fluxo    Thus 

D. K 
le •«M/>*1„ nf 

(9) 

The secondard boundary condition expresses that Z is not reduced or 

oxidized at the electrode^ hence the flux of this substance is equal to zero 

at x » 0, io e. 

h Z. 
06^ (*-,£)    ox- =    0 do) 

"^ www .-•-•«• • * 



I 
An initial conrH t.i r>n one can prescribe Co(x<,0^ n     I-    n\ 

m*J» I     -    "nVAj11/    ~    W« 

Finally s one has CR(x,t) >0 and Cz(x*t) > 0 for x > oo « 

The solution of this boundary value problem is obtained by the Laplace 

transformation, and the concentration Co(05t) is Rv 

CJo.t)» Js- 1 
K\    J       TIFlr  | + 

K zt /& 

nWz \ + K 1 Tr'k K 
- + (11) 

where K is the equilibrium constant  for R^=£ Z    (K ~ k_ / k.)<> and D is 

the common value of D- and D2 which are assumed to be equal» 

POTENTIAL-TIME FOR REVERSIBLE PROCESSES. 

By applying the Nernst equation one deduces the electrode potential 

from (5) and (ll)o    It is useful to introduce the transition time  (equation 

(6)) in the equation for the potential ^ which takes then the  form 

EC FT J 
W F 

t Jfc 

/ 'A (12) 

with 

fA" 
t T-        

*4 
>? 
w (13) 



th 

and 

e - _!_ + **JL  *•/"<»* V)*'*J ok) 

r 
In equation (13) Ew is the standard potential for th» couple 0-R, 

and the f 's are the activity coefficients.    If one deletes the term in £TJ  , 

equation (12) is identical to the equation derived by Karaoglanoff    for the 

(U)    2. Karaoglanoff, 2. Elektrochem., 12, 5  (1906). 

case of a reversible process without kinetic complication,    me influence 

of the term is B     is apparent from fig. 1 which was constructed for the 

following data:    E1 /2 
= 0 volt, K - 10 ,     tT  = 0.1 see.    It is seen that 

the potential-tine curve is shifted toward more anodic potentials as the 

transformation R to Z becomes more  rapid.    This is to be expected since the 

concentration of R at the electrode surface decreases when k* increases 

(K being constant).    Note also that potential-time curves for values of 

k. comprised between 0 and   oo   are somewhat distorted. 

INFLUENCE OF CU3BSHT DENSITY. 

It is convenient to characterize the position of the potential-time' 

curve by the potential   E^i     at one fourth of the transition time.    This 

potential Is equal to the sum of the first two terms on the right-hand side 

in (12).    The variation of E £.,,   with current density are determined by the 

dependence of   JJ53       on current density.    Two extreme cases will be first 

considered according to whether the current density is very low or very high. 



When the current density -»s «Mfflci»nt-ly los^, the argument cf ths 

error function for t »     t /U in (lit) is larger than 2.    The second term on 

the right-hand of (3 k) virtually vanishes for sufficiently large values of 

(kj / kb)1/2 (     t /U)1/2, and E    ^ is practically equal (K ^ 1) to 

K, y2 / (ET/nF) In K| equilibrium for the reaction S ^==* 2 is then established. 

When the current density is sufficiently large, the argument of the error 

function is smaller than C„l.    The error function can then be expanded 

(for small arguments), and gg   approaches the value 1/1   /    (1 / K) as 

i0 increases; E   g. »  is simply equal to Ewg (K ^> 1).    The transition 

tins is then so short that the transformation R > Z does not take place 

to any appreciable extento 

There is an intermediate range of current densities in which JM)   is 

proportional to current density.    Thus<> if one has  (k^ / kb) '     (  C/U)     >2 

and K ^> 1,     [Hi    is inversely proportional to  (   t /h)*'   I  since  (   fcT /U) 

is inversely proportional to current density (see equation (6))^ it follows 

from equations  (12) and (1U) that E is a linear function of In i .    The rate 

constant k. can be obtained from the slope of this line   (equation (lk)9 

»"»>• 

Only a few kinetic processes represented by equation (l) have been 

reported thuB fair,, The occurrence of a kinetic process was deducted by 

(5a) L. I« Smith, IoM„ Kolthoffs So Wawzonek, and PcM. Euoff, Jo Anu Chem. 

Soco, 63j, 1018 (191*1)$ (5b) Zo Vavrin^p Collection Czech., Chem. Communsg Iks 

367 (19U9)$ (5c) F. Santavy, ibid.. 15s H2 (195Q)j (5d) Ho Erdicks and P. 

Zuman, ibid, 15s  766 (1950). 

wammrntwa 
 ..._ __ S-T" 
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poiarography in these cases* No rigorous treatment of polarographlc waves 

corresponding to process (1) has been reported so far, but Kern gave an 

7 
approximate treatment and Kivalo    has announced the development of such a 

a 
treatment .    It is quite likely that such kinetic processes are not rare 

(6) D.M.H. Kern, J^_ ABU Chem. Soc.,  75,  21,73 (1953). 

(7) P. Kivalo, ibid., 75? 3286 (1953) 

(8) After completion of this manuscript a rigorous treatment for linear 

diffusion by O.H.H. Kern appeared in J^ Am. Chem. 80c., J6t 1011 (195U). 

in inorganic ohemistry, and voltammetry at constant current might be a suitable 

tool for studying them. 

BART 11.     CATALYTIC PROCESSES REPFESENTED BY EQUATION (2) 

THE SQHIMffi VALUE PROBLEM 

Because of the occurrence of the reaction R / 2 = 05 kinetic terns 

must be added to Pick's equation. Modified equations will be written for 

the case in which there is a large excess of Z', C- is then equal to C2 

for any value of x and to The condition under which this hypothesis is 

valid will be derived below. It will also be assumed that the backward 

chemical reaction can be neglected.    Thus 

Dc/x.qpt = upcfe)jte + k*e'zeR(x,&) (15) 

,  _ —^-y _• * ,^   V -   --"•.'»-•   - 
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~toK(*.t)/% = *?£(*.*) Ite-hfc^c^t) 
where k    is a formal rate constant. 

The boundary conditions 

(16) 

hpCM/^L, * "kfi'M/ U^K. 

.X- c 
=    0       (17) 

4 [KMp*L. - </*? (18) 

express      that the sum of the fluxes of 0 and R at x * 0 are equal and 

that the flux of 0 at the electrode surface is constant,  respectively.)    As 

initial condition ens prescribes CQ(XS0) » C° and CR(xs0) a 0<>    furthermore^, 

the functions C0(x,t) and C^x^t) are bounded for x > oo t    C0(xst)—>C° 

arid C (xst) -^ 0 for x —> <*> » 
ft 
The function CQ(0<>t) is derived by using the Laplace transformation^ 

and the following result is obtained on the assumption that DQ and DR are 

equal 

$(**)- <? 
4 *f[fyc\Lf] 

<w) 

I where D represents the common value of D- ard ~ 

TRANSITION TIME. 

V 

Tne transition time    fc,   is obtained from (19) ~oj prescribing the 

condition C0(0P t.) s 0.    The resulting equation can be modified by 

Wi "tWMEWWluirTf 

V  
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J _X .T. jLuuxvuuclug the ti-tiualliuu limu   r i   whi^n would D8 ootame a in the absence 

of any catalytic effectj the tine   £v   is given by equation (6).    After a 

simple transformation one  derives 

where 

LC A 1 T 
*d X W y(r) 

r- (h 4 g' >u 

(20) 

(21) 

Values of the function on the right-hand side of (20) are plotted 

us be ruu.ua tluu against    0    in FLge 2,    Equation (20) can be applied to ths 

of the rate constant k^ if    t      and   cj are known*    The value of the 

function in the right-hand member in (20) is then known, and the argument 

can be read in'table of this function'o 

(9)    A detailed table is given in the doctoral thesis of C.C° Mat tax (June 

195U)o 

It was assumed in the above derivation that C^Cx^t) s c •    The condition 
Z 

under which this assumption is valid can be readily established by con- 

sidering the fictitious transition time    C—    which would be observed if 

substance Z were directly reduced*    The time   fc     is given by equation (6) 

in which C° is made equal to C°e    Concentration polarization for Z is 
Z 

negligible if £ \ £ , or in view of (6) and (20), when the following con- 

dition is fulfilled 

^ •vtvtxav*. <". -
I
^:#SIWBW-' " "" ''"*'" ' nmw 
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4 > c° 0/*) 
A 

(22) 

INFLUENCE OF CUBHENT DENSITY. 

The function of    ^^     in equation (20) is equal to unity for    <P  • 0 

as one can ascertain by expanding the error function for small arguments• 

Hences the ratio (   fc^ / CO   )        approaches unity as k^ C« or    t-   decreases. 

/ ^    N1/2 Since   tr.    decreases when the current density is J i    /    >— 
/   H, 

approaches unity for sufficiently high current densities.    uonversely, one 

^1/2 ->  00  for iQ __> Oo 

The foregoing considerations are essentially boroa out experimentally 

has  ( tj. / fu ) 

in the catalytic redaction of Ti(IV) in presence of hydroxylamina.    The 

kinetics of this reaction was studied by Blazek and Koryta     by polarography. 

Hydroxylamine is reduced in a one electron rate determining step provided 

that the NH_ radicals formed are removed by a substance  (oxalic  acid) present 

in large excess    .    Experimental results  are summarized in Fig«  3 in which 

(10) Ao  Blazek and Jo  Koryta., Collection Czecbosiuvo    Cfcemo Communs*,, 18^ 

326 (1953). 

(11) P. Da?iss M.G. Evansj, W.CoE. Higginson, J. Chem. Soc.^ 2£63 (1951). 

vV2 
*   *"C '   *~eL '        is Plo^od against current density (see also "Experimental"), 

line 1 represents the average relative value of i    t        in the absence of 

hydroxylamine.    This line is horizontal as ore would expect from equation 

(6) for a process in which there is no chemical reaction.    Curves 2 and 3 

&".»-" '!•«(.*'"*•• HM —Haag MMVIU- 
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,    y-       ,    , .1/2 
represent the variations of (   L.~ /   CJ )       with current density as 

calculated for kf m 30 l±t.mol<.'"~ sec.^o    The agreement is fairly good 

if one takes intc account that rather poorly defined transition times were 

obtained..    The above value of k» for 30° is somewhat lower than the datum 

k   » \i,2 litomolo"    seco      reported by Blazek and Koryta    »   We repeated 

the polarographic determinations of these authors and confirmed their results., 

The discrepancy between the two results probably can be ascribed to the 

poor definition of potential-time curves and the  resulting error on transition 

times ~ 

Catalytic processes represented by equation (2) can also be studied by 

12 polarography and various treatments, among which the one of Koutecky      ±B 

the most rigorous,  have been advancedo    The only real advantage of voltammetry 

(12) J<>  Koutecky^  Collection Czechoslovo Chem» Communs<.5 18»  311  (1953) = 

«t constant current over polarography is that catalytic processes.,  which 

cannot be studied with a mercury elect rode 9 can be investigate do 

PART m.    ANGSIC OXIDATION OF A METAL WITH FORMATION OF 

A COMPLEX  (EQUATION (3)) 

Consider the anodic oxidation of a metal M with the  formation of a 
(p-n)~ 

complex MX^ »    The concentration of ion I   at the electrode surface 

is given by equation (5) in which n is replaced by n/p0    This  result can 

also be written 



<r 
Ik 

CM -c\-b-(4) 'A (23) 

where   c    is denned by the  condition (Cx-) 

relationship 

a Oc    Likewise one has the 

C0**?-*!.. - -?: C4) 
,/* 

> z6 (2U) 

which is written on the   assumption that the   diffusion coefficients of the 

ion X'° and the complex are equal.    The concentration of ion W   at the electrode 

surface ^ in be calculated from (23) and (21*) and from the uns lability constant 

K of the complex-    By introducing the resulting value of (C^/) in +hQ 

Nernst equation one obtains 

for the potential-time curve for reversible electrode processes. 

It follows from (25) that E is equal to the first two terms on the 

right-hand of (25) when the argument of the second logarithmic term is equal 

to unity.    This is the  case for example for t * 0.11*6 when p s 2«    A plot 

of log|(t/t:   )        / fl - (t/t   )       ]Pf against E should yield a straight 

line whose reciprocal slope is 2.3 RT/nF.    This conclusion was verified 

experimentally in the anodic oxidation of silver in potassium cyanide at 30° 

(Flg.h)$  the experimental reciprocal slope of 0.061; is in good agreement 

with the theoretical value of 0.060,    Likewise the experimental potential 
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-0.53 volt (vsoS.CEo)? at which the logarithmic term vanishes, is in fair 

agreement with the value -0„U6 volt (vs.S.C.E.) one calculates from (25) 

O «»">9 
on the basis of the values E    « 0.800 volt (vs.N-H-Eo) and K « 1.8 x 10    ' , 

it being assumed that the activity coefficients in (25) are equal to unity. 

It should be enrohasi zed t.hat. t-h*1  fol*'?',oiT,', treats*?lit is ypJLid prcvidsd 

that only one complex is formed arid that equilibrium for complex formation 

is achieve do    If this is not the case one must take into account the kinetics 

of reaction (3).    The resulting system of differential equations is non-linear;, 

and the problem becomes arduous. 

* 

PART IV. ANODIC OXIDATION OF A METAL WITH FORMATION OF 

AN INSOLUBLE SUBSTANCE  (EQUATION (U)) 

It is difficult to develop a quantitative interpretation of the anodic 

oxidation of metals with formation of a film of insoluble substance.    However, 

a simple interpretation can be developed if one neglects the diffusion process 

in the film.    This simplified approach is valid when the film is so thin that 

it does not offer virtually any barrier to  diffusion from and to the electrode. 

Processes leading to the  formation of an insoluble precipitate Mi    can then 

be treated by calculating (r     ^ 
'X  s 0 on the basis of equation (5) in which 

n/p is substitued for n.    By introducing the value of (C--) in the 
JL     X •   Q 

solubility product \S',   solving for C^, /    9 and introducing the resulting value 

in the Nernst equax,ion9 one obtains 

1^4- irr^M-af'l (26) 



I 
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At time t a 0 the potential E has the valma represented by the first 

two terns on the right-hand side of (26).    Furthermore, a plot of log 

I 1 -   (t/ t:    )        I   against £ should yield a straight line whose slope is 

-2.3 p HT/nF.    This is essentially the case in the  anodic oxidation of silver 

in chloride and bromide solutions at 30° (Fig„5)$   ~z experimental reciprocal 

slope is Fig. 5 are -0.067 and -0.061 while the theoretical value is 0.060. 

The potentials E at time t - 0 in Fig.5 yield S.   _.  - 9,3 x 10      and 

S. _    • 3.8 x 10      .    These values are somewhat larger than the solubility 
AgBr 

-10 products S 'AgCl » 2.8 x 10* and S»ggr - 5.0 x 10     in the literature •*. 

(13) vs.M. Latimer, "The Oxidation States of the Elements and their Poten- 

tials in Aqueous Solutions",, 2nd Ed., Prentice-Kail, New York, N.X., 1?$2, 

p.191. 

This is to be expected since the diameter of the particle of AgCl formed 

in the anodic process is possibly a few angstroms.    Hence, the solubility 

of those particles is higher than the value for larger particles 1U 

II 

(Hi)    I.K. Kolthoff and E.fi. sandell "Textbook of Qaantitative Inorganic 

Analysis.", Masaillaa, New York, N.I.S 19U3, p.102. 

furthermore, the experimental errors and the approximate nature of the above 

treatment are reflected in the values of the solubility products deduced from 

potential-time curves. 

1/2 It is worth noting that the product i    C        was independent of current 

density in the anodic oxidation of silver under the conditions prevailing in 

our experiments  (Table I)c    This result is to be expected from equation (6) 

provided that the diffusion of silver ion through the film of silver bromide 



~ ~ -••   '"-   "- 

i7 

if 

is not r«te determining-    The foregoing considerations are then essentially 

valid. 

The detexaination of transition times for the anodic oxidation of metals 

could possibly be useful in chemical analysis. Substances (organic.reagents, 

etc) forming insoluble salts could be determined*    Frequent calibration of 

wn  axoubruuo   vuvau  us   OOBBUUU   OJLUU?   MIOX~O   xo   uoiov  a  yanou»*ji   uiutum 

attack of the metal., i.e. the area of the electrode changes from one series 

of experiments to another. 

EXPERIMENTAL 

The results on the catalytic reduction of XL (XV) were obtained with 

a dropping mercury electrode used as stationary electrode.    Bather high 

current densities were utilised, and a mercury pool electrode would have 

required currents up to approximately 0.2 amp*    Potential-time curves were 

recorded in a small fraction of the drop life, and the area of the mercury 

drop did not change appreciably daring recording^.    Ihe schematic diagram 

(15a)    L. GLerst and A. Juliard, Iat. Comm. Electrochem. Therm. Kin., 

proceedings of the 2ndHeeting, TamburLrA, Milan, 1950, pp. 117 and 229; 

(l5b)   L. Qierst and A. Juliard, J. Phys. Cham., $Jj 701 (1953). 

of the apparatus is shown in Fig.6.   When switch 5 is closed, the mercury 

drop is disloged from the capillary by a magnetic hammer' 16 The time relay 

. 
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(16a)    This method has been utilized by several authorst V.A.  Tsimmei-gahl, 

Zavodakaya Lab., 15, 1370 (l?k9)i     (16b) L. Airey and A.A.  Smalee, Analyst, 

75, 287 (195o)t    (16c) S. Wahlin, BadJometer Polarograpaics, X, 113 (1952). 

(thyratron circuit) is triggered, and after a given tine, relay BL 2 closes 

the electrolysis circuit of cell CE.    This circuit is rea Dy tne power supply 

with electronic regulation F»    The area of the mercury drop at the time of 

the recording of the potential-time was computed from the rate of flow of 

the mercury end from the  time for which relay BL 2 was adjusted} the elec- 

trode was assumed to be a sphere. 

A difficulty was encountered in the application of this methods    the 

electrolysis current was still flowing through the  cell when the  drop detached 

itself from the capillaxyj the current density for the newly forming drop 

was then very large and the supporting electrolyte was redncedj this resulted 

in the plugging of the capillary«    This difficulty was overcome by inserting 

in AB a time relay which opened the electrolysis circuit a given time after 

the closing of relay BL 2, but before the fall of the  drop. 

The composition of the solution in the experiments with 11(17) was* 

0.2 oxalic acid, approximately 1 m M titanic sulfate, and varying amounts 

of hydroxylamine chloride.    The purity of the latter substance was determined 

by tit ration with potassium permanganate after the addition of ferric ion '« 

The concentration r.f titanium was not determined exactly because it is the 

(17)   V.V. Scott "Standard Methods of Chemical Analysis", Van Nostrand, 

New Tork, 192?, p.352„ 

*—•—-     ••^ITI 
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ratio ( C, / C.) which is of importance ^ and not the absolute value of 

tZr    .    TOB same amount of titanium salt was, of course, used in all 

experiments* 

Potential—time curres for tlw anodic oxidation of sllvex were 

date mined with a pen-and-ink recorder ana the instrument previously 

discussed10.    The area of the silver electrode (foil) was approximately 

lea2. 

——• mivmm • 
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APPEH1EX 

by 

0« Mamantov and P. Delahay 

TRADITION TIME TOR SPHERICAL DIFFU3ICH. 

The dropping mercury eleotrode has bean utilized as stationary electrode 

in this and other investigations1*"  **,  and it appeared useful to derive the 

value of the transition time for  the sate of mass transfer controlled by spher- 

ical diffusion.    The solution of this problem is as follows. 

The equation for spherical diffusion 

?Cft t) _ Jfcfrt) + _Z_  Itfrt) } 
Qt ^>r      r    T       ^r     J 

(27) 

aust be solved for tiie conditions    0( 7* »0) srcP *     ( *0( V ,t) / '7*)r mr    = 

i0 / nfO g    0( V »t) *. 0°    for    r —> oo »  r being the distance from the oenter 

of the spherical  electrodes  and   7i    the radius of the electrode.. 

Equation (27) oan be transformed i.n*\o the form    JX(r8t) / i)C   = 

D 0 X(f,t) /  d r2    by setting   %(r„t) = r 0(r,t).    The equation in   X(r„t) 

is solved for the above initial and boundary conditions - expressed in terms 

of   9C-(*»*)    ~    °y applying the Laplace transformation 
18 The concentration 

at    r = r0    is 

(18)    See details in 0. Mamantov1s M.S.  thesis (June 1954). 

„ /. 
kr»>c) (28) 

*£_ Majawa •    uwt"i*"* 

• 
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The transition tins   f   i« defined by the condition    0( Ta ,t) =• 0 , or 

by the equation 

where   A as ip / nPI).    Two particular oases of (29) are of interest,, namely 

when   C    ia very small or very iarga.    In the former case    (D C / -^    J   <£   *  ' 

hence    exp(D <r / if ) f&l    and    erfo  f(0 C )*^2 /p"I#^l -   [2 / (X )l/2l 
r ,/,        -. L °J L -• 

Equation (29) takes then the same form as formula (6) for 

(P9) 

1/2 for spherical diffusion approaches 

[(DT: )**"/ T 

linear diffusion.    Thus?  the product    i_  fc; 
1/2 the value    iQ X f<*z l*"*ar diffusion whan the current density is sufficiently 

large.    The opposite caae oan be analyzed by expanding the error function in (29) 

for large arguments and by retaining the first two terms in the aeries.    Equation 

(29) is transformed into the relationship 

<b* 
* r0 

I 

<?7l FJ) 
(50) 

~tW 
Vo 

7C~ D^ c 
1/2 which shows that the produot    iQ  t: becomes infinite when   7Z   approaches 

zero. One oonoludes from the foregoing discussion of equation (29) that the 

product i0 c • *• not independent of current density in the case of sym- 

metrical  spherical diffusion. 

The validity of equation (29) was verified experimentally and the results 

arc shown in Pig.7.    The calculated curve is in fair agreement with the experi- 

mental points.    The departure from theory at low current densities results mainly 

from the growth of the drop during the recording of the potential-time ourves. 

At low current densities the transition time is of the order of several tenths 

of a second,  and the area of the drop at the transition time is larger than the 

average area of the drop during recordings at higher currant densities*    As a 

result. low current densities are smaller than the calculate 

—•— '" 

• • 
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values of iQ and the product    iQ t. in larger than wxpooted.    Tha reduction 

of a few metallic ions was also studied,  but tha raaults wara somewhat arratio 

possibly baoauea of intarfaranoa by conveotion. 

TR^WITIOM POR PR00«3883 OOMTROLLKD BY LlttSAR DIFFUSION AND BT ELECTRIC IgQRATIOB 

II |    ONIFORM FIELD. 

In oalouXating transition times ona generally aaaumaa that tha effect of 

Migration of tha electrolysed apaoias (ion) oan ba neglected. In ganaral this 

procedure is justified wher  a large exoess of supporting electrolyte is prasant. 

It ia than  said that tha supporting electrolyte *oarri*«"  tha ourrant and that 
or/ 

tha effect of migration of tha reduoible'oxldizable ion is negligible.    This is 

undoubtedly so at low ourrant denaitiea, but at high ourrant densities this lay 

not be tha oasa.    Consider for example a currant density of 10      amp.enC^ ^4 

asoume that tha reduolble oxLdizable ion carries only 1 % of the current.    This 

fraction of tha ourrant may correspond to an appreciable transport of substance 

by migration,,  and coneequently the transition time ia different from the value 

obtained for mass transfer solely controlled by diffusion,    fhe transition time 

will be derived for the case in which the intensity of the electric field is 

constant.    This simplified case ia of practical interest since s large excess of 

supporting electrolyte is generally present in solution,  and the field intensity 

is not appreciably affected by »»riationa of the concentration of the reducible 

0r oxidizabie ion. 

Pick's equation for linear diffusion must be modified aa follows 

l)c(*£)/0i = 2&efa6)2t * tLftcfat)/**, (51) 

where u is the ionio mobility of the ion being reduced or oxidised and 'P ia 

the intensity of the aleotric field which is assumed to be constant for a given 

current density*. 

"*~ww« 
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This equation Mist be solved for the initial  condition    0(x,o) 

(0° bulk concantration) and for tha boundary condition 

= 0* 

7LP 
(52) 

Crtm   hmm   alan      O^r.t^ v M° • »--» - r r fnt -7 -v 

18 
Tha solution of this probleu,as obtained by tha Laplaoa -transformation   . 

is for X m o 

a. ^ 

J>r\A ^ **m "test) 
where    »«u j^     and    ^ = i0 / nP. 

Tha transition time   ~XZ   ie obtained by prascribing the condition 

0(o» t ) so.    When the condition 

42)     \ 
(54) 

I 

ia fulfilled,  one can wake the approximations 

and 

et. <=«=# a. t 
^3* 

</( 
ex/>/- /    «?£ 

*'i) 

(55) 

(56) 

I 

•*-. •— • •- *-— . sw^-v^.-,ea»^PP«Ja» 
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By introducing these approximation* in (55) and noting   <p - p i0 

where   P   is the resistivity of the solution, on* deduo*s fre« the condition 

0(0t C)«0    the following equation 

(i**) Z^J^ 

"t 

Ai 
i 

•I 

- 

I 
* _£ 

*•   J°   (/ -  U f> 7L f C°) 
=   o 

.1/2 

(57) 

The value ox    i0 Xfl'2    and oonaequently that oi*    C*'^    can b» computed 

by solving (57).    It ahould ba noted that the value of   i0  t1^2   obtained" 

in this fashion is independent of ourrent density ainca none of the coaffi- 

oianta in (57) contain iQ.    In conclusion the produot    iQ  t     '     is inde- 

pendent of ourrent density even in the oaae of partial naea transfer by ni- 

gration.    Thia conclusion is valid provided that condition (54) ia fulfilled. 

ACKKOWLBDOMBIT.    The authors are glad to acknowledge the support of the Offioe 

of Naval Research in the oourse of this investigation. 

! 

i 
I 

;: 

.     •     '      •   '    . 



w 
! 

TABLS I 

.—^_ 

1 

I 

1/2 ie  f. for tho mr.odio oxidation of Ag in 5 • M K Br 

10"' oip.-m."*2 

0.196 

0.528 

O.565 

0.401 

0.418 

0.486 

0.584 

BOO* 

166.0 

55.6 

41.5 

55.8 

52.5 

20s? 

17.7 

avorago 

lot 1/2 

2.50 

2.40 

2.55 

2.40 

2.58 

2.22 

2.46 

2»59 
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LIST OP FI3URB3 

yig«l.     Potential~tiae ourves for a kinetic prooess represented by equation 

(1).    Nuaber on each curve is 1 

catea the potential at   £ / 4. 

(1).    Nuaber on each curve is tha value of Itf in eeo7       Solid oirola indi- 

rta.2.    Variations of tha function    2 Tf j [ 7C     &f(fj\   *ith    Tf *• 

Dottad lina is asymptote. 

1/2 
Pi^»?»    Variations of    (  tl / C* ) with currant density for tha eatalytio 

reduction of Ti(lV) in prenenoe of hydroxylaainei  curve 1, no hydroxylaaine 

(see explanation in text)j    ourve 2,    0,49 M hydroxylaaine;     ourva 5 ,    1.46 M. 

Fig*4.    Logarithmic plot for tha anodic oxidation of silvar in 5 m M potassium 

cyanide. 

fiz-5*    Logarithmic plot for the anodic oxidation of silvar in 5 a M broiaida 

(lina 1),  and 5 m M chloride (lina 2,  upper scale). 

Fig.6.    Schematic diagram of apparatus for electrolysis with the dropping 

mercury eleotrode. 

Fig.7»    Variations of   i     fcj with current for the reduction of 1 a M 

potassium ohroaate in 1 N soiiua hydroxide on the dropping aercury electrode. 

..  - • 
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